The calculations of three-body direct nuclear reactions with nonlocal optical potentials are performed for the first time using the framework of Faddeev-type scattering equations. Important nonlocality effect is found for transfer reactions like d + 16 O → p + 17 O often improving the description of the experimental data.
The calculations of three-body direct nuclear reactions with nonlocal optical potentials are performed for the first time using the framework of Faddeev- Direct nuclear reactions dominated by three-body degrees of freedom provide an important test for models of nuclear dynamics. Extensively studied examples are deuteron (d) scattering from a stable nucleus (A) and proton (p) scattering from a weakly bound nucleus (An) consisting of a core A and a neutron (n). The nucleon-nucleus (N A) interactions employed in threebody calculations are usually modeled by optical potentials (OP) with local central and spin-orbit parts. This local approximation yields a tremendous simplification in the practical realization of the continuum discretized coupled channels (CDCC) method [1] , the distorted-wave Born approximation (DWBA), or various adiabatic approaches [2] that are widely used for the description of three-body nuclear reactions; to the best of our knowledge, the above mentioned methods using nonlocal optical potentials (NLOP) have never been attempted. However, NLOP can be included quite easily in the framework of exact three-body Faddeev/Alt, Grassberger, and Sandhas (AGS) scattering theory [3, 4] if one uses the momentum-space representation. Its application to three-body nuclear reactions [5, 6] has become possible recently due to a novel implementation of the screening and renormalization method [7, 8, 9] for including the long-range Coulomb force between charged particles.
The aim of the present work is to calculate the observables of d + A and p + (An) reactions in a threebody model (n, p, A) using NLOP and its (nearly) equivalent local optical potential (LOP) in the framework of momentum-space AGS equations and thereby study the effect of the OP nonlocality.
The AGS equations [4] are Faddeev-like connectedkernel equations that provide an exact description of the quantum three-body scattering problem. In contrast to the Faddeev equations [3] formulated for the components of the wave function, the AGS equations,
(1) are a system of coupled integral equations for the transition operators U βα (Z) whose on-shell matrix elements are scattering amplitudes and therefore lead directly to the observables. In Eq. (1)
−1 is the free resolvent, and
is the two-particle transition matrix with Z = E + i0, E being the available three-particle energy in the center of mass (c.m.) system, H 0 the free Hamiltonian, and v γ the potential for the pair γ in odd-man-out notation.
We work in momentum space where local and nonlocal potentials are treated in the same manner. The AGS equations are solved numerically after partial-wave decomposition and discretization of momentum variables; more details on employed numerical techniques can be found in Refs. [10, 11] . The AGS equations were formulated originally for a short-range potentials v γ . Nevertheless, the method of screening and renormalization [7, 8, 9] allows to include the long-range Coulomb force between charged particles using the AGS framework. The Coulomb-distorted shortrange part of the transition amplitude is obtained by solving the AGS equations with nuclear plus screened Coulomb potentials; the convergence of the results with the screening radius has to be established. The method has been successfully applied to proton-deuteron [12, 13] elastic scattering and breakup and to three-body nuclear reactions involving deuterons or one-neutron halo nuclei [5, 6] .
For the np interaction we take the realistic CD Bonn potential [14] , in contrast to a simple Gaussian np potential used in CDCC, DWBA, and adiabatic calculations. For the hadronic part of the N A interaction we take the NLOP of Giannini and Ricco [15] which in configuration space has the form
, and V s (y) are the real volume, imaginary surface, and real spinorbit parts, respectively, that are parametrized in the standard way using Woods-Saxon functions. The approximately equivalent LOP is taken over from Ref. [15] as well. Both NLOP and LOP are slightly modified: we adjust the parameter W N , determining the strength of the imaginary part, to improve the description of the experimental N A scattering data in the considered nucleon lab energy range from 10 to 40 MeV as well as the agreement between the N A predictions of NLOP and LOP. The adjusted values for W N are given in Table I ; the other parameters are taken from Ref. [15] . In contrast to the NLOP, the LOP is energy-dependent owing to the equivalence transformation [15] . Though energy-dependent potentials were used recently [16] in Faddeev-type calculations, we refrain to do so in the present work. We follow the standard procedure of fixing the energy-dependent parameters of the two-body OP in three-body calculations and use two types of Hamiltonians: (a) In d + A elastic scattering both nA and pA OP parameters are taken at half deuteron lab energy. (b) In p + (An) elastic scattering and transfer to d + A the parameters of the pA OP are taken at the proton lab energy whereas the nA potential has to be real in order to support an (An) bound state. Since the observables in p + (An) reactions are rather insensitive to the nA potential, provided it reproduces the spectrum of bound states, we take over the local real nA potential from Ref. [16] that supports a number of bound states corresponding to the ground and excited single-particle states of the (An) nucleus, while all Pauli-forbidden states are removed; the potential parameters and the resulting binding energies are given in Ref. [16] for 13 C and 17 O nuclei. The standard Hamiltonian (a) with the nA potential being complex does not support (An) bound states and therefore does not allow for calculations of d + A → p + (An) reactions while most of the available transfer data come from this type of reactions. However, since the d + A → p + (An) and p + (An) → d + A reactions are related by time reversal provided the energy in the c.m. system is the same, we calculate the latter one using the standard Hamiltonian (b) where the nucleus (An) can be in its ground or excited state and apply the time reversal to obtain the observables for the former one. This is equivalent to using the Hamiltonian (b) in the d + A scattering, a nonstandard choice.
The interaction between np, nA, and pA pairs is included in partial waves with pair orbital angular momentum L ≤ 3, 10, and 20, respectively, and the total angular momentum is J ≤ 40; depending on the reaction some of these quantum numbers cutoffs can be safely chosen significantly lower, leading, nevertheless, to well converged results. The pA channel is more demanding than the nA channel due to the screened Coulomb force, where the screening radius R ≈ 8 to 10 fm for the short-range part of the scattering amplitude is sufficient for convergence.
In Fig. 1 approximate NLOP-LOP equivalence. We show also the predictions of the OP by Watson et al. [18] to demonstrate that the adjusted NLOP and LOP describe the N A data at least as good as the traditionally used potentials. An agreement of similar quality is found in all considered cases.
In Figs. 2 and 3 we show the results of the three-body calculation for elastic proton scattering from 17 O and 13 C nuclei around E p = 35 MeV. The mutual agreement between NLOP and LOP predictions and with the data is as good as in the two-body case shown in Fig. 1 . This is not surprising since the differential cross section and the proton analyzing power in p + (An) elastic scattering are known to correlate strongly with the corresponding observables in p + A elastic scattering. Therefore, the effect on the OP nonlocality is tiny; even the small differences between NLOP and LOP predictions seen in p+ 16 O cross section at large angles are reproduced well in p+ 17 O elastic scattering.
The Hamiltonian (b) used to calculate p + 13 C elas- tic scattering in Fig. 3 allows for the transfer to d + 12 C as well; the AGS equations for both reactions are solved simultaneously. In contrast to elastic scattering, the effect of the OP nonlocality becomes significant in the p+ 13 C → d+ 12 C transfer cross section at angles Θ c.m. > 30 deg as demonstrated in Fig. 4 , although it does not improve the description of the experimental data. We therefore expect the OP nonlocality to be important also in the inverse reactions, i.e., d + A → p + (An), where more data exist with the final nucleus (An) being in its ground or excited state; the observables are calculated using the Hamiltonian (b) as described above. We start in lab energy E d = 30 MeV which in the p + 13 C → d + 12 C case corresponds to E p = 30.6, 27.3, and 26.5 MeV for 13 C states 1/2 − , 1/2 + , and 5/2 + , respectively. For the transfer to the 13 C ground state 1/2 − the shape of the experimental data and theoretical predictions are similar to the ones of p+ 13 C → d+ 12 C reaction at E p = 35 MeV in Fig. 4 as expected from the detailed balance, given the small difference in energy. Thus, except for forward angles, the transfer reactions involving the 13 C ground state 1/2 − are described rather unsuccessfully much like it was found in Ref. [16] . In the case of the transfer to 13 C excited states 1/2 + and 5/2 + the OP nonlocality is again important, and the predictions of the NLOP account for the data quite successfully, in contrast to the ones of the LOP and Ref. [16] . The differential cross section for the transfer to 13 C 1/2 + state is increased by the NLOP at forward angles and decreased at Θ c.m. > 20 deg while for the 5/2 + state it is significantly decreased at Θ c.m. > 35 deg such that the data is slightly overestimated by almost a constant factor that may be associated with the spectroscopic factor.
The results for the d+ Fig. 2 . The experimental data are from Ref. [23] .
and at Θ c.m. > 30 deg. Although in particular narrow angular regimes the predictions of the LOP are closer to the data, the NLOP provides a better overall description of the data, especially of its shape. In the case of the transfer to the 17 O excited state 1/2 + the NLOP reproduces the data almost perfectly.
Next we consider deuteron-nucleus elastic scattering that is usually described using the Hamiltonian of type (a). We show in Fig. 8 have a large weight in the three-body scattering equations as discussed in Ref. [16] ; it was found there that using energy-dependent potential that becomes real and therefore less absorptive at negative N A energies significantly increases the cross section at Θ c.m. > 60 deg. For curiosity in Fig. 8 we present also results of the Hamiltonian (b) which is less absorptive since the nA potential is real. Surprisingly, with this choice both the NLOP and the LOP roughly account for the data also at large angles. Thus, NLOP and LOP with the Hamiltonian of type (b) describe elastic d + 16 O and p + 17 O data with similar quality while for the transfer reactions the NLOP is clearly superior.
Finally in Fig. 9 [24] . The effect of the OP nonlocality is of comparable size also for deuteron tensor analyzing powers, but it is unable to resolve the discrepancy [24] in the largeangle A xz . The results for deuteron-12 C elastic scattering exhibit similar features as those for deuteron- 16 O and are not shown separately.
To be sure that the observed OP nonlocality effect is not a consequence of only approximate NLOP-LOP equivalence, we performed the following test calculations. We varied the parameter W N by ±1 MeV thereby inducing changes in the N A observables of a size comparable to the NLOP-LOP difference. As a consequence, similar changes occur in p + (An) elastic observables, but for d + A elastic scattering and especially for all transfer reactions the induced changes are considerably smaller than the observed NLOP-LOP difference. Thus, the imperfection in the NLOP-LOP equivalence does not affect our conclusions on the importance of the OP nonlocality. A possible reason for an overall better description of the three-body observables by NLOP may be that NLOP fits the N A data over a broader energy range compared to LOP which, although being energy-dependent, has to be chosen at a fixed energy.
In summary, we performed the calculations of threebody direct nuclear reactions with the NLOP for the first time. Exact scattering equations in the AGS form were solved and the Coulomb interaction was included using the method of screening and renormalization. The OP nonlocality effect is found to be very small for p + (An) elastic scattering, moderate for d + A elastic scattering at larger angles, and especially important for transfer reactions p + (An) → d + A and d + A → p + (An). In the latter case the NLOP is clearly more successful in accounting for the data in transfer reactions involving 13 
C and
17 O nuclei in the states 1/2 + and 5/2 + . We hope that the present work, demonstrating the feasibility of the calculations with NLOP and the importance of the nonlocality, will stimulate the development of new and more precise nonlocal nuclear interaction models.
